Poilutants n grou ter aquifers may constitute a significat human ha risk A large v-ra donin.sponsemayresult amonghuman populations experiencing theisautelevel and duration Prioritizing the remediation of contaminated aquifers has very large economic and human health implications. When carcinogenic contaminants are present in groundwater, human health risks must be estimated because the water may be used for drinking, washing food, and bathing. Contaminants may enter groundwater as a result of burial or deep-well injection of hazardous wastes into the subsurface or migration into the subsurface from surface impoundments. Because remediation is usually a long-term and expensive process, it is important to develop methods to determine which contaminated aquifers pose the greatest health risks. In some cases, containment rather than remediation may be the most appropriate strategy. In this paper the term remediation includes all processes, technologies, and water management strategies that reduce contaminant concentrations in groundwater aquifers. In addition to setting priorities for remediation, it is important to estimate health risks to determine and evaluate the effectiveness of methods and technologies that are either available or are being considered to remediate contaminated aquifers. In this paper, the human health risk under consideration is the probability of cancer as a result of life-time exposure to trichloroethylene (TCE) in drinking water from groundwater aquifers. Using data on TCE concentrations measured in a contaminated aquifer, a method is described for estimating carcinogenic risks by incorporating the uncertainties associated with the groundwater flow and solute transport process and the variability of safe dose levels for a diverse population.
TCE is a volatile, nonflammable chlorinated aliphatic hydrocarbon used extensively as a metal degreasing solvent. The International Agency for Research on Cancer (IARC) has listed TCE as a Group 3 carcinogen in humans (1) 
Second Moment Formulation
The second moment formulation is commonly used by structural engineers to evaluate the probability of failure of structural elements such as beams under variable loading conditions (10) . In the analysis of beam failure under variable loading conditions, probability distribution functions are required to describe the variability in beam load-carrying capacity and to describe the variability in beam loading. In this study, the second moment formulation is used to determine if the distribution of concentrations of TCE in a contaminated aquifer exceeds the distribution of safe doses in a diverse human population (10) (11) (12) . In this manner, carcinogenic health risks posed by drinking groundwater from a contaminated pumping well can be estimated.
In this analysis, the concentration of a contaminant (C; e.g., TCE in pg/l) within the subsurface is modeled as a random variable with a known mean, variance, and distribution. Variable safe doses are also modeled as a random variable (1) with known mean, variance, and distribution. At any time, the safe dose level should be greater than the concentration of contaminant encountered. That is R> C. Similarly, if R < C, the contaminant concentration exceeds the safe dose. As a probability, this event is expressed as where Pf is defined as the probability that contaminant concentrations exceed the safe dose. The subscript off indicates that this is a probability of failure, e.g., contaminant concentrations in groundwater exceed safe exposure doses. Lettingf1(r) andf1(c) define the distribution of safe doses and the distribution of contaminant concentrations, respectively, the probability that contaminant concentrations exceed the safe dose is defined as 00 P | F=(C)fC(C)dC (2) where Fr(C) is the cumulative distribution function offr(r) evaluated at C Figure 1 illustrates 
Using the safety index, the probability that contaminant concentrations will exceed the safe dose reduces to
where D (.) represents the standard normal distribution function. The approach presented in Equations 1 through 4 is often called the second moment formulation (10, 11 Figure 2 , showing the north-south orientation of the contaminant plume and primary direction of flow in the contaminated aquifer.
Model Simulations
To illustrate the methodology presented in Equations 1 through 4 for evaluating the health risks of a contaminated aquifer, TCE transport behavior was analyzed with a two-dimensional (2-D) finite difference contaminant transport model based on the method of characteristics (MOC) (12, 13) . This model has been modified to run successive Monte Carlo simulations to account for subsurface heterogeneity (12, 14, 15 (18) , but with the second moment method, other types of distributions can be easily accommodated.
A 38 x 39 node grid was superimposed on the area of contamination within the aquifer. The distance between nodes was 250 feet in either direction. Input data on hydrogeological and contaminant concentration characteristics were obtained from engineering reports by JMM Consulting Engineers, Inc. (19) . Permeability testing, soil boring, a geological survey, and groundwater sampling and analyses were used to determine groundwater flow and contaminant transport behavior for the contaminated aquifer.
In this study, the hydraulic conductivity was modeled as a random variable described by a normal distribution function. The initial distribution function for the hydraulic conductivity was determined from hydrodynamic data from the contaminated aquifer. This initial distribution function was altered (optimized) using Bayesian updating to obtain a distribution function that best approximated transport behavior for this particular aquifer (12, 14, 15, 19) . With this updated distribution function, 100 realizations of the hydraulic conductivity field were generated using a Sequential Gaussian Simulation (SGSIM) routine from the Geostatistical Software Library (20) . The 100 realizations of the hydraulic conductivity were entered sequentially into the contaminant transport model producing histograms of contaminant concentration at each node point. Contours of the mean contaminant concentration are shown in Figure 3 . Similarly, contours depicting the probability of exceeding the safe dose concentration (Pf) that were generated using the second moment method given by Equation 4 are shown in Figure 4 . These contour plots include the main flow direction of the aquifer and show the decrease in pollutant concentration and risk (Pf) as the distance from the waste site increases.
Discussion
The second moment method presents a different approach to assessing the health risk Figure 2 , the risk contours represent the probability of exceeding safe dose concentrations for diverse human populations. The probability is computed by Equation 2 . Distributions of contaminant concentrations were computed with Equation 8 using hydrodynamic data from the contaminated aquifer. At each location in the contaminant plume, the distribution function for safe doses was normally distributed with a mean of 70 pg/I and a variance of 20 pg/I. selecting remediation technologies that are most effective and efficient for a particular contaminant and aquifer. A major limitation of this proposed method is the characterization of safe doses for human populations. It is not at all certain that this distribution is normal. Therefore, it could also be argued that a single deterministic safe dose would be sufficient using this method and that it is unnecessary to use a distribution of safe doses. For the aquifer used in this study, using a single safe dose or using the the EPA lifetime exposure standard of 5 WIg/ would probably produce the same conclusion; however, this is an aquifer with contaminant concentrations that are several orders of magnitude greater than a single safe dose. In situations in which contaminant concentrations are dose to a single safe dose exposure standard, it is not at all certain that the health risks for a diverse human population are the same. Therefore, it is important to have a risk evaluation method that takes into account variability in exposure concentrations and safe dose levels.
